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Abstract

An experimental procedure is reported to perfashear test®n specimens éld under moderately high
hydrostatic pressurg®n the order of 10 GPa)rhe mechanical behavior ofaterials subjectetb such
pressures, vés substantially from that observed at atmospheric pressure or even pressures typically
attained during industrial processingrhese differences must be incorporated into models such as the
SteinbergGuinan hardening modelr discete dislocation dynamics simulatioriEhe goal of the proposed
research is to develop and implement testing procedures that experimentally determine joieyssndent
dislocation mobilities in oriented single crystals of the BCC transition metals. Tégseriments will
provide calibration datdor modek of materials subjected to extreme presswuaad will assist in model
validation This paper repost the development of theexperimeral procedures. A thinfoil of
polycrystalline Ta was used to perfotime initial experimentsinder hydrostatipressureranging from 2.1

to 4.2 GPa. Both yielding and hardening behavior are observed to be sensitive to the imposed pressure.

Keywords: High pressureExperimentamechanicspolycrystallineTa.

Intro duction

The study of material strength under ultrahigh pressures is an important stigetct the

fact that almost all the knowledge we have of the materials comes from tests carried out
at ambient pressure [1]. Of particular interest in the presemkws material behavior at
moderate pressures such as those attained during weak shock loading. Properties such as
hardening and ductility of metals are sensitive to high pressures, even at relatively low
pressures 0-3.0 GPa a remarkable increase in tility of some materials has been
reported [2], such is the case with tungsten, which is brittle at atmospheric pressure but
can achieve elongations as high as 100% when subjected to a pressure of 2.8 GPa.
Another property ofnterestis the shocknducedphase transformation. Numerous cases

of phase changes have been reported when materials are subjected to pressures exceeding
30 GP43,4].

Most of the highpressure research is done under static conditions. For pressures in the
range of B3GPa testinghas been conducted using a variety of media including solid,
liquids and gases [16]. Higher pressures are required to observe various material
behaviors such as presstrardening which requires pressures on the order of at least 10
GPa according to Weigt al [3].

To achieve higher pressures, experiments have been conducted using the diamond anvil
cell, (Figure 1) [3, 4, 5], where the specimen is loaded to high pressures between the

diamond anvils. Although this device allows ultrahigh pressures teeaehed readily, it

has the deficiency that the hydrostatic, frictional and deviatoric stresses increase in an

uncontrolled manner as the load increases [6].
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Figure 1- Schematic of the diamond anvil cell (DAC), the sampleréssed between the anvélad an x-
ray source is used to study the materials during the process.

Typically the volume of material tested in these kinds of systems is smalbemebrties

that are observed are sometimes functions of the sample size. Postmortem analysis in
these types of experiments is often difficult or impossible because of the sample size.
One goal of our experiment is to perform high pressure experiments) wsilarger
specimen size that can be analyzed using standard characterization tools subsequent to
testing.

For the experiments designed in the current research, two major features were desired;
strict control in the loading path, in order to separdte effects of hydrostatic and
deviatoric stresses, and the ability to perform posttem characterization such as
hardness measurements and TEM analysis. To accomplish these goals a modified
Bridgman cell was developed.

Of the various types of anvils geloped by Bridgman for high pressure work, the one
developed for applying a shearing load on specimens under high presssteclosely
approximateshe desired test objectives. This cell is described schematically in Figure 2.
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Figure2 - Schematic of the original Bridgman anvillte
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In Bridgman'’s original design [7], blocké are two hardened steel cylindrical blocks
bearing short bossés. B is a rectangular block of hardened steel. The specimens to be
tested are small thin diskdaced between blockB and the bosse8. Load is applied to
blocks A, causing the material to extrude laterally until an equilibrium thickness is



reached. The blocB then is rotated about the axis though the bosse3he experiment
consists of measurgnhow much force is required to rotate as function of pressure.

Experimental Development

The experiment described in this work enables monitoring of the mechanical response of
materials deformed in shear under hydrostatic pressure in the range50f @Pa
depending upon the size of the specimens. Observation of the préssuced work
hardening and, of special interest, measurement of the predepemdent dislocation
mobility in oriented single crystals are goals of the experiment.

Using the concept of Bridgman’'s cell, a newigh-pressure testing apparatwgas
designed and constructel schematic of the complete device is depicted in Figure 3. It
consists basically of a set of upper platens attached to the crosshead of a biaxial materials
testing system with the bottom platens free to perform vertical and angular
displacements. Angular displacement is accomplished using a driving clevis attached to
bottom part of the apparatus. A stationary sleeve rigidly attached to the upper platen and
fitting with close tolerance over the lower platen ensures proper alignment between the
mating surfaces while the load is applied. Brass rings were attached at the top and bottom
of the lower barrel to avoid steel on steel friction during loading. To enthatefrictional

forces would be negligiblea low viscosity lubricant30 weight oil, was spread on the

brass rings
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Figure 3 - Schematic of the modified Bridgman cell used to perform the experiments, the specimens are
plasticallydeformed in shear by the torsion motion of the bottom platen



In this modified Bridgman cellthreeindependent supported anvils in both the top and
bottom platens ararranged symmetricallyThe anvil centers are all positioned on a
circle centered otthe loading axis of the testing system. The anvils in the top platen are
formed with a hemispherical section that fits snugly into the mating surface. Using a thin
foil of indium between these hemispherical surfaces provides forlesedfing of the
anvls upon initial loading. The same pressure is attained between all anvils by
positioning each anvil atop a hydraulicabpntrolled piston, all of which are connected

to a common oil reservoir. For the “tanvil” testing apparatus the anvil materialosten

was tungsten carbide.

The surface of the anvils were roughenedusing 1200 grit emery clothip have better
frictional contactwith the specimensThis enablesone to measure the strain of the
specimens by measuring the displacement of the platelagive to each other.The
surface roughness of the anvils was measured using atomic force microscopy (AFM) and
a value of 750 A rms was obtained. This value remains similar along the entire anvil
surfaces, without noticeable changes between the areaeskpothe specimen and the
edges that are not in contact with the specimens during the experiments.

The deformation of the specimens in the-&mvil apparatus is achieveding a fourstep
process:

First, the specimens are centered on each anvigusisample positioning tool. The tool

is specially designed for each specimen geometry and aligns the center of each specimen
to within 25 um of theanvil center. The bottom platen is vertically displaced leaving a
small gap between the specimens andupger anvils.

Second, axial load is applied using load control and a rat2.2kN/sec 600 I|bf/sed

once the desired load is reached, it is held constant. Although some slip in the surface of
the material could be present at low pressures, when th&syre is high enough the
surfaces of the specimen are welded to the roughened anvils (evidence of this is presented
later in the discussion).

Once the specimens are under the desired pressure, the third step consists of rotational
displacement applied tthe bottomplaten causing essentiallynidirectional shearing
strains on the specimens positioned within each amagilshown in Figure.3The shear
loading can be assumed unidirectional because of the small specimen size and low angle
rotations in compiason to the circumference of the circle on which the specimens lie.
Extensometeraere attached to thanvils to measure the local straon the sample being
deformed This local measurement overcomes the complexity in strain measurement
caused by concas of machine compliance.

Finally, the specimens are unloaded and recovered fofrpogiem analysis.
For converting the longitudinal displacemergad by the extensomeseto angular

displa@ment imposed by the systemlinear fitbetween theextensomter displacement
and a giverrotationwas obtained; &AD programwas usedo simplify the process
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Figure 4 - Conversion from extensometer longitudinal to angle displacement

The graph shows the eight positions estimated and the lineasdd from here on to do

the analysis for the preliminary tests. From this calculation a maximum angular
displacement read by the ram of 0.6 degrees was calculated and used as the limit of
deformation.

To verify that the torque measurements read bydystem were due to the specimen
tested and not intrinsic friction of the apparatus, a test without éoddcarotationrate of

0.3 degree/ minutewasperformed. A value of2.25 + 1.3in-Ibf was read by the raraf
theMTS machine
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Figure5 - Intrinsic torque of the testingpparatus

The expected shear stress for the specimensxigected to beat least 50 MPd4],
translatedo a torque o#00 inlbf. Therefore, the intrinsic torque is on the ora#rl %,
andcan be neglected

Validation of the Experiment



Plastic deformation in metallic systems oceprimarily via dislocation generation and
movement due to shear stressé&ée effective stresg is equalto o, the yield strength

in tension The effective stress is given as

o= %[(01 —0,)% +(0, —03)* + (o, _01)2]}/2

where o,, o,, and o, represent the principal stressds the case of hydrostatic
pressue, o,=o,=0,, Which resultsin no shear stress presentto provide a driving

force for dislocation motionthereforestructural propertiesare not changeddue to
hydrostatic pressur@one

In order todetermine whethethe desired state ofiydrostatic pressure could be attained

by applying axial load on the thin foil specimens, a finite element simulation was run
using hydrodynamic lubrication theory applied to metalsThe foils used in the
experiment have a diameter of 3 mm and a thickness of 50 microns, so this geometry was
used in the simulationThe result from the FE simulation sheaino deformation irthe

major part of thespecimenwith end effects limited to the very near end regionhbis

result is consistent with the fact that tdecay lengtiHor the free surface effecDx, is
considerably larger than the specimen diameter. The decay lengtliven by

Ax=n_P_

2 z-Max

wherep is the axial pressuren the order of GPah is the height of the foil and;,., is the
maximum shear stres§ his analysis offers assurance thia¢ pressure is equally
distributed along thentire specimerwith only minor end effects

To experimentallyerify the accuracy and adequacytbétrianvil experiment to perform
measurements of dislocation mobilign oriented single crystals, initial testsvere
performedon polycrystallinetantalum samples ovarressures of.1, 3.15 and 4.25Pa.
The specimens to be tested weldained from the foiusing apunchdesigred for TEM
sample preparationThe geometryof the specimengasdisk-shaped with a diameter of
3.0mm and a nominal thickness of $n.

Automated electron backscatter diffraction (EBSigs used to characterize the initial
structureof the annealed Ta foilsThis techniquereveals the texture and grain size
distribution of the material as well as spatially specific information sashstructural
gradients and misorientation distributions.

As seen in Figure 6a, the initial microstructure is mainly a combination of two texture
components, (111) and (001) as expected for rolled and annealed BCC metal. Figure 6b
contains the graisize distribution that shows an average grain diameter of aboutni20
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Figure 6 a- Orientation mayof the asreceived Tdoil, b - grain sizedistribution.

Specimens of this material were subjected to two different types of tests. The first
imposed only a hydrostatic pressure, with steearing imposed. These specimens were
used as controls to determine the amoamd distributionof plastic deformation suffered

by the specimens during imposition of the hydrostatic pressure albhe.second set of
tests involvedshearingthe specimes to strains on the order of@while subjected to a
givenhydrostatic pressurei-or the sheared specimess angular ratef 0.3 degree/min

was imposed using the raratation as the control signal

It was anticipated that kaen pressure is appliethe materiadeformselastically until an
equilibrium thicknessdetermined by the elastipropertiesof the material is reached

[12], , and hydrostatic pressure is dibuted inside the specimeio determine whether

this objective was accomplished lize given specimen geometry and experimental
approach, various analyses were performed. First, if the material is only deformed
elastically during hydrostatic loading, th&hape change of the loaded and unloaded
specimens will be minimal (except near tledges). In addition, dislocation activity
causes strain hardening in the material, so if significant dislocation activity occurs the
hardness of the metal after loading could be expected to increase. Finally, direct
observation of the microstructures bYEM or other means should reveal the
microstructural changes due to dislocation activity. The absence of dislocation activity
will ensure that the test objectives were achieved.

It was observed that the specimens in all cases were lens sladigedtheload was
imposed and releasgldeing thinnematthe edges thaatthe centerThisis due tomaterial
extrusionnearthe edges to equilibratidae normal loadand does not adversely affect the
test if a state of hydrostatic pressure is attained over afgignt portion of the specimen
centers Optical microscopywas used taharacterizehe thicknesschangefor specimens
loaded in hydrostatic pressure alone, and those deformed to high shearing Birains

7 contains optical micrographs of the polistfed cross sections for the original foils (a),
the foils loaded to 4.2 GPa without shearing (b and c), and the specimens loadl@d to
GPa plus a shear strain of about 4 (d and e)
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Figure 7 - Optical micrographs of the padhed foil cross sections for the original foils (a), the foils loaded
to 4.2 GPa without shearing {benterand cnear edgg and the specimens loaded to 4.2 GPa plus a shear
strain of about 4 (ecenterand enear edgg

The original foils had a nominalthicknessof 50 um = 10% as specified by the
manufacturer. The valuaseasured viaptical microscopyyieldeda mean thickness of
approximatelyd7 um for the original specimens.

For the specimensaded only with hydrostatic pressur® shear bands ambserved and

a decrease in the cross section is appreciated in the two localizatging of abouB %
reduction in the cross section for the center of the specimen, and getting 26%stt

the edgeFor the sheared specimens, the center of croseaaeimained almost constant

with areduction close td.0 %, slightly different fromthe axially loaded, but some shear
bands can bdightly appreciatedFor the edge of thehearedspecimens the thickness
reduces dramatically being almak % of the orignal, and also some shear bands can be
seen.Regarding the effect of the hydrostatic pressure,dptcal micrographs (Fig.b

and c) show that under hydrostatic pressure the center of the specimens remain almost
not-deformed, butvith some extrusiomcaurring atthe edges of the sample

Measurement of microhardness profiles across the specimen diameter is another way that
dislocation activity during hydrostatic loading can be analyzedl.Vickers hardness
apparatus was used to measuregbimt to poirt variation in mechanical properties$ the
samples subjected to pressucé®.1 and 4.2 GPaThe loadused in taking the hardness
measurementsas 100 grams.
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Figure 8 - Graph showing the hardening effect due to the pteesapplied.

The microhardness measurements weoee usingsteel holderss the substrasdor the
deformed specimens. The specimens were glued to the holdemessliravasapplied
in order to flaten the surfacemaking it suitable for analysisHardress measurements
weremadeevery 0.5 mnfrom sideto-side acrossthe specimen

For the original, weHannealed, foils the average hardness measured W¥&&Pa In the

major part of the specimens that were subjected only to load, a measurement of the
hadness was readose to the original materiavith a slightincreasebeingnoted at the

ends of the specimens Such an increase might be expected due to material extrusion
near the edges where unconstrained flow of the material could occur.

For the specimen deformed to a shear strain close tavhile maintained at pressyra
substantial increase in hardneéssioted over the entire specimen surface with an increase
of about 20% near the specimen centers, and approadtfg at the ends of the
specimen For both pressuressed in the testshe microhardness profiles weamilar,
indicating that the hardness of the specimeissa function of dislocation activity
accommodating the imposeshear strainbut not of the pressureunder which the
deformatons were performed

Microstructural observations were made using TEM and automated EBSD techniques.
For the EBSD analysis the samples wer@reparedby mounting the specimens ia
transparentresin so that suitable crossections of the foils could bergpared The
sampleswere cut approximately along the slifirectionwith the cross sectiomf sampe
exposed for characterization. Thexposed surface wasprepared using standard
metallographic proceduresThe regions scanned were approximately 0.15miar tige
specimen centers covering the entire thickness. Color coding of the orientations is
indicated by the orientation color key shown with poles normal to the foil surface being
represented (horizontal on the images shown).



Figure 9contains orient#gon images of the foil cross sections for the original foil @)d
for a specimen loaded t4.2 GPaand unloaded (b). Also shown are images of the
specimen centaegionfor a specimen deformed to a shear straiB.@f

Boundaries: <none=>

a

Figure 9- OIM analysis of the crossection showing the grain behaviof the specimen subjected to 4.2
GPaa) Original specimen, beld under HPc,d) center sheared

The Hgure 9.a shows thénversepole figure(IPF) results of the original specimethe
grains are well shapesihd defineda 111 texture is evidenFigure9.b shows the lack of
significantdeformation for the specimesubjected tdhydrostatic pressurd his resultis
consistent with ie values of hardnessbtainedfor 2.1 and 4.2 GRawhere there is no



significant change in the microhardnesmsd thus no change in the microstructure of the
sample due to activation and interaction of dislocation

Figure9.c shovs the centerof shearedspecimen, the grainsok shearedand elongated
along the slip directiona 111 texture is also evident. In the edge of the sample a decrease
in the image quality can be noticethis is due toa higher dislocation activity taking
placecausing a multisattering of the diffracting electrors and thus lost of th&BSD
image contrasin that region. A unique grain colomapwas also createdf thesheared
specimen. In this type of magplor is assigned randomly to each of the gramerderto
differentige them from each othelFrom this map an approximate amount of strain can
be indirecly extractedIn the case of the testione at 4.2 GPa, a nominal straihabout

3.2 was read by the extensometeeasuringthe strain from theorientation image,
using the observed shearing direction (indicated by a solid white line in Figure 9d) yields
a strain of 3.0. Ths result gives assurancethat the measurements taken by the
extensometers, using the assumption that the specimen surfaces are “welded” to the
deformation anvils, represethe actualstrain experienced by the specimen

To gudythe dislocation activityn detailboth deformed and undeformed specimens were
analyzed by bright field imaging in thREEM. Reported here are the results for specimen
loaded toa pressure of 4.&Pa.

b

Figure 10- TEM analysisof thesamples at £ GPa a) Original specimen, 3pecimen loaded and
unloaded with no shearing, ardd specimen loaded and sheared



Figure 10.a shows theBF image of theoriginal Ta foil that was used for the testdo
appreciable dislocation density prior to the deformation protesppreciableFor the
specimenloaded toa pressure of 4.2 GPaithout shearing, a slight increase in
dislocation content is obsexd, but the grains are still relatively free from dislocation
debris This explains whythe measumentsof the hardness the specimens loaded and
unloaded without shearing wectose tothose obtained fathe undeformed specimen#

also helps to intgret the orientation images where some slighgiiain lattice distortion

is observed due to the geometrically necessary component of the dislocation structure.
These results show that while some dislocation motion occurs near the specimen centers
during loading of the specimens, the crystallites remain largely undeformed. The
structure therefore must undergo primarily elastic strain during loading to high pressures

For thespecimendoaded to high pressure followed by shearititge TEM images show
tha the specimermontains a wetdevelopediislocation networkThe TEM imagesof the
specimens of both tygeof deformationare consistentvith the observations obtained
usinghardness and EBSD techniques

Discussionof strain-stress results

Thefinite elementsimulation and the experimental characterization of the samples held
under hydrostatic pressure, established that the procedure describedrapresents a
reliable method to impose hydrostatic pressure on the thin foil speciniisassertion

was validated indirectly by applying characterization methods and measuring properties
such as hardness, dislocation density and microstruéburthe specimensubjected to

such pressures All properties measuredfter loading and unloading (with no er
deformation) wereclose to those fromthe original foils. After assuring in good
confidencethat thepressure attained warear thehydrostaticcondition specimens were
deformed in shear to analyze their mechanical properties

Deformation of Polycrystalline Ta

As statedpreviously the samples were prepared witliimensionsof about 3mm in
diameter and aominalthickness of 5Qum. With these values and having three samples

for a single test the load necessary to achieve the pressure of 1 GPa was roughly about
22.3kN 6 kips). The samples were tested toughly 50% of thecapacity ofthe testing
systemwhich convertsto a presste of 4.2 GPa for thagiven sample size. Thatress
strainbehavior is recorded Figutel.
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Figure 11 - Results of the effect of pressure on #tress vs. strain behavior of palgystalline Tafoil.

The same general behavior for the esstrain was exhibited for la pressures
investigated Three different stagegre present during th@eformation.The beginning of
the test is the elastic region, this region exists to strains less than Rfer initial
hardening, a intermediate zones observed with a significantly reduced hardening rate,
and a pressurdependent inflection pointcinally, abovea strain of 0.5 the material
initiates a plateau zon@imilar to stage IV hardeningyvhich appears to be a steady state
work hardeningegion observed [10ijn the material.

By analysis of the small strain regions of the streBain curve, an estimate of the yield
points can be obtained. This small strain region for the three pressures investigated is
shown in Figure 12.It is immediatey apparent that the yielding behavior is a strong
function of the imposed pressure.
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Figure 12 - Results of the effect of pressure on the Stress vs. strain behavior of poly Ta.

There are differentapproachesto study how dislocadn dynamics is affected by
hydrostatic pressurélydrostatic pressure constricts the dislocation movement, giving the
materials a presswiaduced hardening effectpaking it more difficult to deform the
specimens with increasing pressur&his phenomenmo can be observed easily in the
figure 12. Some authors have reportdie removal of the yielding point by applying
hydrostatic pressurd.g].

An approacho study how the pressure chasglee mechanical behavior of materials was
given by Steinbergand Guinan [14,15]. In thir modelthe yield strength isound to be
proportional to the shear modulus in the form



1 de 1 de 1

Y, 4, G, dp

So as the sheanodulus increasesith pressure so does the yidttess. Theonstitutive
equations for bth the shear modulus and yield strengtiefound to be

G= GO[1+ (%j;] (2)
o)1
and V=, o e, o Hﬂﬂ ©
o)y

Wheren is the compresbility of the material P is thepressureG the shear modulusy
is yield strength g andn are work lardening parameters ards the stain. Because the
experiment was conducted at room temperature, the

Table 1 terms corresponding to temperature dependeaze be
Pressure [GPa] | Ys[Mpa] | peglected.
2.1 54
34125 122 From these equations eose linear relation between the

yield strength and thepplied pressureis expected In
addition, ifthe values of the parameters foolycrystalline Tantalum [14] aresed inthe
constitutive equatiofEq. 2), the expected yield strength under different pressures can be
calculated and compared with the valuggaired experimentallyand shownn Table 1

This comparison is depicted imglire viidstess 13.
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Figure 13- Results of the effect of pressure on #iress vs. strain behavior of poly Ta.

A deviation from the model is evident witlvd mairdiscrepanciesbetween the expected
and the experimental valueBhesediscrepanies arein both the value and the behavior
of the yield stress @ a function of pressureTwo different fits were dondor the
experimental datait is clear that the polynomial is more accurate rthidne linear
predicted by the moddibr moderatedpressuresthis could be dudo the fact thatthe
experiment was done just after the liniit pressurestudied by Steinberuinan (<



2GPa) More evidentdeviationis that the model in the case of Ta predictsnaall linear
increase of about 3% the yield strengthbut a moresubstantials found experimentally
being of the order of 100 and 220 % with pressomederated increased up4.2GPa

The measured yield strengths presented here, while much higher than those predicted by
the SteinburgGuinan model, lie significantly below the maximum values for yield in Ta
established by their investigations,

Y =Yor e ple +e)] <,

max

whereYnaxhas been established to be 1.1 GPa |fi4he case of Ta

Summary and Conclusion:

A new procedure to study thmechanicabproperties of materialdeformed bysheaing
strainswhile mantained under high pressure has been described. The paper focuses on
the details of the experiment and qualitatively in the changes experienced by the
specimens subjected to high pressures.

In order to use this procedure to study the properties of tamiynas a result of shear
stresses, materials such as the dislocation mobility of single crystals, is desirable that the
hydrostatic pressure contributes, in no way in the ideal case, or at least not in a significant
level before the shear process. Basedthe results exposed here, this procedure has
provento bea good method to study these properties. Although the optical microscopy
analysis showed that the specimens maintained the deformed shape after unloading. The
microstructure seems not to chamyee solelyto theeffect of the pressure applied@his

was corroborated via i¢kers characterizatigrwith the hardness being almost equal to

the undeformed materialThis was alsovalidatedthrough theEBSD and TEMimaging

with neither techniqueshowing significant deformation of themicrostructure nor
dislocation multiplication.

Also the eperimentallows the validation of models for materials held under high
pressureThe Steinbergsuinan model was testeding polycrystallineTa. The outcome

of thesetests showedhat hydrostatic pressure plagsmore influent rolehan expected
on properties suclas yield strength showingthat it increases more rapidiypan that
predictedbyavailable modek.
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